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Both gain- and loss-of-function analyses indicate that proneural basic/helix–loop–helix (bHLH) proteins direct not only
general aspects of neuronal differentiation but also specific aspects of neuronal identity within neural progenitors. In order
to better understand the function of this family of transcription factors, we have used hormone-inducible fusion constructs
to assay temporal patterns of downstream target regulation in response to proneural bHLH overexpression. In these studies,
we have compared two distantly related Xenopus proneural bHLH genes, Xash1 and XNgnr1. Our findings indicate that
both Xash1 and XNgnr1 induce expression of the general neuronal differentiation marker, N-tubulin, with a similar time
course in animal cap progenitor populations. In contrast, these genes each induce distinct patterns of early downstream
target expression. Both genes induce expression of the HLH-containing gene, Xcoe2, at early time points, but only XNgnr1
induces early expression of the bHLH genes, Xath3 and XNeuroD. Structure:function analyses indicate that the distinct
pattern of XNgnr1-induced downstream target activation is linked to the XNgnr1 HLH domain, demonstrating a novel role
for this domain in mediating the differential function of individual members of the proneural bHLH gene
family. © 2002 Elsevier Science (USA)
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Neurogenesis is patterned in the developing vertebrate
nervous system by a network of both positive and negative
effectors that includes members of the proneural basic/
helix–loop–helix (bHLH) family of transcription factors.
Both gain- and loss-of-function analyses in a number of
species indicate that these factors share a common ability
to drive general aspects of neuronal differentiation (for
review, see Lee, 1997). In addition, individual proneural
bHLH transcription factors possess distinct abilities to
drive neuronal subtype-specific properties within compe-
tent progenitor populations (Cai et al., 2000; Chien et al.,
1996; Farah et al., 2000; Fode et al., 2000; Gowan et al.,
2001; Jarman et al., 1993; Lo et al., 1998; Parras et al., 2002;
Perez et al., 1999; Perron et al., 1999). These convergent and
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likely depend on distinct patterns of downstream transcrip-
tional target activation. What are these patterns and how
are they regulated by individual proneural bHLH transcrip-
tion factors? In the current study, we have addressed these
questions by comparing patterns of downstream target
activation in response to two structurally divergent mem-
bers of the Xenopus proneural bHLH family, the achaete-
scute-related gene, Xash1, and the atonal-related gene,
XNgnr1 (Ferreiro et al., 1993; Ma et al., 1996).
XNgnr1 and Xash1 are expressed in contrasting patterns
during Xenopus development that suggest distinct roles in
neural progenitors. XNgnr1 expression initiates at the mid-
gastrula stage and marks domains of early neurogenesis in
the embryo (Ma et al., 1996). In contrast, Xash1 is expressed
in regionalized domains of neural progenitors that differen-
tiate at later stages of development (Ferreiro et al., 1993).
Overexpression of XNgnr1 in frog embryos induces ectopic
neurogenesis within both neural and nonneural ectodermal
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progenitor populations (Ma et al., 1996). These XNgnr1-
induced neurons express a characteristic neuronal morphol-
ogy and are marked by expression of general neuronal
differentiation markers, including N-tubulin. Ectopic
N-tubulin expression is also induced in response to other
proneural bHLH genes, including the Xash1-related gene,
Xash3 (Chitnis and Kintner, 1996). Thus, although each
gene is expressed in a unique pattern during neural devel-
opment, proneural bHLH genes share a common ability to
induce neuronal differentiation in competent progenitor
populations. Do individual proneural bHLH transcription
factors induce the transition from progenitor to differenti-
ated neuron via the same subset of molecular targets or do
these targets instead reflect specific aspects of individual
bHLH function?
The answer to this question depends on the identification
and comparison of downstream transcriptional targets of pro-
neural bHLH transcription factors. Transcriptional targets of
Xash1 have not been identified but several targets of XNgnr1
have been characterized. In neuronal progenitors of the neural
plate, the proneural bHLH genes, Xath3 and XNeuroD, and
the HLH-containing gene, Xcoe2, are expressed in patterns
that overlap domains of XNgnr1 expression (Dubois et al.,
1998; Lee et al., 1995; Takebayashi et al., 1997). These genes
initiate expression subsequent to XNgnr1 and induce a similar
pattern of ectopic neurogenesis when overexpressed in the
embryo (Dubois et al., 1998; Lee et al., 1995; Takebayashi et
al., 1997). These correlations suggest that Xath3, XNeuroD,
and XCoe2 represent targets of XNgnr1 important for mediat-
ing its downstream effects within neural progenitors, a sug-
gestion confirmed by XNgnr1 overexpression studies in the
animal cap and embryo (Dubois et al., 1998; Ma et al., 1996;
Perron et al., 1999). Xath3, XNeuroD, and XCoe2 therefore
provide a starting point for comparison of early target regula-
tion in response to individual proneural bHLH transcription
factor overexpression.
Numerous studies point to the bHLH domain as the
essential element that regulates both the common and
distinct aspects of individual bHLH transcription factor
function. The bHLH domain was initially defined based on
homologies shared between proneural genes, myogenic de-
termination genes, myc oncogenes, and immunoglobulin
enhancer-binding proteins (Tapscott et al., 1988; Murre et
al., 1989a). Studies of these and other bHLH-containing
proteins indicate that this region contains two independent
structural elements, the basic and HLH domains, both of
which are essential to protein function (Lassar et al., 1989;
Murre et al., 1989b; Tapscott et al., 1988). Early studies
defined the basic domain as mediator of DNA binding and
defined a core consensus sequence (CANNTG) for bHLH
recognition (Murre et al., 1989a,b). More recent crystallo-
graphic and functional studies suggest that the basic do-
main may, in addition, mediate protein:protein interactions
that guide individual bHLH function (Ma et al., 1994; Chien
et al., 1996). Protein:protein interactions have also been
ascribed to the HLH domain, particularly an essential
interaction between proneural and myogenic bHLH pro-
teins and other more generally expressed class A bHLH
proteins that include vertebrate E12 and Drosophila daugh-
terless (Lassar et al., 1991; Murre et al., 1989b).
Structure:function studies of myogenic and proneural
bHLH transcription factors have revealed a role for the
bHLH domain in guiding the cell identity function of
individual bHLH-containing proteins (Chien et al., 1996;
Davis et al., 1990, 1992). In domain exchanges between the
Drosophila proneural bHLH transcription factors, atonal
and scute (homologs of XNgnr1 and Xash1, respectively),
the bHLH domain of atonal was key to the specification of
chordotonal neurons, an atonal-dependent neuronal sub-
type (Chien et al., 1996; Jarman et al., 1993; Jarman and
Ahmed, 1998). More specific domain exchanges indicated
that the basic region alone was sufficient to induce chor-
dotonal neuronal identities within chimeric atonal:scute
fusions (Chien et al., 1996). In contrast, atonal:scute HLH
domain substitutions altered the overall efficiency of neu-
ronal differentiation but did not alter the neuronal identity
functions of these two proteins.
In order to better understand common and distinct as-
pects of proneural bHLH function, we have used hormone-
inducible constructs to compare patterns of downstream
target activation in response to XNgnr1 and Xash1 overex-
pression. These studies point to both common and diver-
gent aspects of early target regulation by individual bHLH
transcription factors. We have used distinctions in down-
stream target assays to probe the structural basis of differ-
ential bHLH transcription factor function. Studies with
XNgnr1:Xash1 chimeric constructs indicate that the
XNgnr1-specific pattern of downstream target activation is
linked not to the basic domain but rather to the HLH
domain of XNgnr1. These findings suggest a new role for
HLH-mediated protein:protein interactions in guiding dif-
ferential proneural bHLH functions during development.
MATERIALS AND METHODS
Construction of GRbHLH plasmids. The coding regions of
XNgnr1, Xash1, and Xath1 were PCR-amplified from full-length
cDNA clones (Ferreiro et al., 1993; Kim et al., 1997; Ma et al., 1996)
and subcloned into the EcoRI site of pCS2 NLS MT expression
vector (Rupp et al., 1994; Turner and Weintraub, 1994). The
ligand-binding domain of human Glucocorticoid Receptor (aa 512–
577; Hollenberg et al., 1985) was amplified by PCR and inserted
upstream of the XNgnr1, Xash1, and Xath1 protein coding domains
at the BamHI site of pCS2 NLS MT to create GRXNgnr1, GRX-
ash1, and GRXath1 fusion constructs. The GRXash3 fusion con-
struct has been described previously (Gershon et al., 2000). Chi-
meric XNgnr1:Xash1 constructs were generated by PCR. For NBX,
the 5-end of Xash1 cDNA (encoding amino acids 1–84) was
PCR-amplified, and the nucleotides encoding the beginning of the
XNgnr1 basic region (aa 82–90) were included in the fragment by
means of an overhang in the reverse primer. Similarly, the 3-end of
Xash1 cDNA (aa 94–200) was amplified including nucleotides that
encode the end of XNgnr1 basic region (aa 84–93) as an overhang in
the forward primer. The two independent PCR products were then
mixed and denatured by boiling followed by annealing at room
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temperature. NH1X was constructed in a similar manner with
XNgnr1 N-terminal HLH sequences (aa 94–110) encoded within
primer overhangs. For NHX, the XNgnr1 HLH was PCR-amplified
separately and annealed to PCR-amplified cDNA fragments encod-
ing Xash1 amino acids 1–93 and 137–200, with nucleotides for the
beginning or the end of XNgnr1 HLH region, respectively, as
overhangs. Annealed fragments were subsequently amplified with
Xash1-specific primers. XhoI and XbaI sites were included in
forward and reverse primers, respectively, for cloning into pCS NLS
MT with GR inserted at the BamHI site.
In situ hybridization. The DIG-labeled anti-sense RNA probes
for N-tubulin, XNgnr1, and Xash1 have been described previously
(Ferreiro et al., 1993; Ma et al., 1996; Richter et al., 1988). Whole-
mount in situ hybridization was performed according to previously
described techniques (Harland, 1991; Hemmati-Brivanlou et al.,
1990).
Preparation and injection of bHLH RNAs. All expression con-
structs were linearized with NotI for in vitro transcription. All
mRNAs were synthesized with SP6 polymerase using recommended
protocols (Ambion). Xenopus laevis embryos were injected either
unilaterally with 100 pg of GRbHLH and 100 pg of lacZ RNA or
bilaterally with 10 pg to 1 ng of GRbHLH RNA for in situ hybridiza-
tion or animal cap assay, respectively. Embryos that were injected for
in situ hybridization were allowed to recover at RT for several hours,
after which dexamethasone (Dex) was added at 10 M. Embryos were
harvested at the neural plate stage and stained for -galactosidase.
Animal cap assays. The animal caps from injected and unin-
jected embryos were dissected at blastula stage and cultured in
0.5 MMR at 24°C. Dex (10 M) was added to a subset of animal
caps when intact sibling embryos reached stage 10. Animal caps
were maintained in Dex until time of harvest (3 or 20 h). For time
course experiments, animal caps were maintained in Dex and
harvested at indicated time points post-Dex addition (3, 5, 10, 13,
16, 20 h). For studies of the GRNHX, GRNBX, and GRNH1X
constructs, an altered protocol was followed as the GRNHX con-
struct had low (10–20%) activity in the absence of added hormone
(see Results). For this reason, Dex was added at stage 9, and animal
caps were harvested when control embryos reached stage 11.5 for
assays of GRNHX, GRNBX, and GRNH1X constructs. In this series
of assays, the same protocol was applied to GRXash1 and GRX-
Ngnr1 control constructs. RNA isolation and RT-PCR for all
animal cap samples were performed as previously described
(Hemmati-Brivanlou and Melton, 1994) by using a P32-radioactive
tracer. All sequence-specific primers were annealed at a tempera-
ture between 55 and 58°C. Samples were subjected to 25 or 21
(EF1/actin only) PCR cycles and analyzed via polyacrylamide gel
electrophoresis. The sequence-specific primers used for RT-PCR
analyses were as follows: XNeuroD Upper (U), CTT TCT TTG
AGA GCA GCA CCG; Lower (L), GTC TAT TGG GAT TTC ACA
GCG TG; XCoe2 U, GGT ATG GAG CGA GCT TAT CA; L, CTG
TAC AGA GCC TCC GCA AT; Xath3 U, TTA TGG TAA CAT
TGA TGT TC; L, CTG AAT GCA TAT GAT TTA TCC; N-tubulin
U, ACT GCC ATG TTC CGT CGC; L, CTG AGC AAA TGC TCT
AGC; NF-M U, TGT GGA AGA GGG GGA GGT AAA G; L, CGT
GAC TGT GAC TGA CTT GGT GAT G; Actin U, GCT GAC
AGA ATG CAG AAG; L, TTG CTT GGA GGA GTG TGT;
Brachyury U, GGA TCG TTA TCA CCT CTG; L, GTG TAG TCT
GTA GCA GCA; ESR5 U, TGA AAA CAC ATG ATC CGA ATA
AG; L, GAC AGT TCA CTC CCG TTG GAC; Mesogenin U, GAT
TCT GCA GGA GCT GAG GAC; L, GCA TGG CAG GGG TAC
ACA GAC; EF1 U, CAG ATT GGT GCT GGA TAT GC; L, ACT
GCC TTG ATG ACT CCT AG.
RESULTS
Xash1 expression in the early embryo. Previous char-
acterizations indicate that Xash1 is expressed specifically
in regions anterior to the rhombencephalic/spinal cord
boundary (Ferreiro et al., 1993). We have examined Xash1
expression at earlier stages of neural development and
found a similar restriction. Four domains of Xash1 expres-
sion are visible in neural fold-stage embryos. Three of these
domains are bilaterally symmetric and located in the neural
fold (Fig. 1A, i, asterisks), while the fourth resembles an
open, down-turned arrowhead and lies at the midpoint of
the neuroectoderm (Fig. 1A, i, arrowhead). Comparison of
Xash1 expression at the neural fold stage to that of En-
grailed2, a marker of the midbrain/hindbrain junction
(Hemmati-Brivanlou et al., 1991), and Krox20, a marker of
rhombomeres 3 and 5 in the hindbrain (Bradley et al., 1993),
indicates that the most anterior stripe of Xash1 expression
lies within mesencephalic regions of the embryo, while the
two posterior stripes as well as the medial domain of Xash1
expression lie within rhombencephalic regions (data not
shown).
At the neural fold stage of development, differentiating
primary neurons form three longitudinal columns within
posterior regions of the embryo as marked by expression of
the differentiated neuronal marker, N-tubulin (Richter et
al., 1988; and Fig. 1A, iii). Xash1 expression does not define
these early domains of neurogenesis in the embryo (com-
pare Figs. 1A, i and iii). In contrast, XNgnr1 expression
initiates at gastrula stages of development and at later
stages overlaps domains of primary neurogenesis as marked
by N-tubulin expression (Ma et al., 1996; and Figs. 1A, ii
and iii). Thus, Xash1 and XNgnr1 expression patterns differ
significantly in the early embryo, and only XNgnr1 expres-
sion defines domains of early neurogenesis.
Temporal control of proneural bHLH function. In order
to compare early downstream transcriptional targets of
Xash1 and XNgnr1, we have constructed hormone-
inducible fusion constructs. In these constructs, the ligand-
binding domain of the Glucocorticoid Receptor is linked to
the protein coding region of either Xash1 or XNgnr1 (GRX-
ash1 and GRXNgnr1). These fusions render Xash1 and
XNgnr1 function dependent on added hormone. Similar
XNgnr1 fusion constructs have previously been described
(Perron et al., 1999).
We first tested the hormone dependence of GRXash1.
Embryos were injected at the two-cell stage with GRXash1
RNA (100–200 pg) together with a -gal lineage tracer.
Embryos were assayed for N-tubulin expression at both
neural fold (stage 15/16) and neural tube (stage 25) stages.
Ectopic N-tubulin expression was apparent in GRXash1-
injected embryos exposed to the hormone Dex (Fig. 1A, v),
but was not detected in GRXash1-injected embryos in the
absence of Dex (Fig. 1A, iv). GRXNgnr1 overexpression also
induced ectopic neurogenesis in a hormone-dependent
manner (data not shown; and Fig. 1A, vi), in a pattern
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FIG. 1. Inducible Xash1 and XNgnr1 function. (A) (i–iii) Xash1 and XNgnr1 expression and function in Xenopus embryos. Xash1 (i),
XNgnr1 (ii), and N-tubulin (iii) expression in Xenopus embryos at stage 15. (i) Asterisks indicate three bilaterally symmetric domains of
Xash1 expression. Arrowhead indicates medial expression domain. (ii and iii) Asterisks indicate domains of primary neurogenesis in the
embryo. (iv–vi) Hormone-inducible Xash1 and XNgnr1 function in the embryo. Embryos injected with GRXash1 (iv and v) or GRXNgnr1
(vi) and incubated either in the absence (iv) or presence (v and vi) of Dex to stage 15/16. N-tubulin expression marks domains of ectopic
neurogenesis (dark blue/purple staining) and -gal (blue) expression serves as a lineage marker. (B) PCR analysis of GRXash1 and GRXNgnr1
function in Xenopus animal caps. Sequence-specific primers were used to assay N-tubulin (N-tub) and Neurofilament-M (NF-M) expression
in GRXash1- and GRXNgnr1-injected animal cap samples incubated for 20 h with (D) or without () Dex. Embryo (E) and uninjected animal
caps exposed to Dex for 20 h (C) were used as controls in these experiments. Expression of muscle specific actin (MSA) was used to control
for mesodermal contamination, and expression of EF1 served as an internal quantitation control.
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consistent with previous reports (Ma et al., 1996; Perron et
al., 1999).
We next compared GRXash1 to GRXNgnr1 function
within the context of the Xenopus animal cap. We first
compared induction of the neuronal differentiation mark-
ers, N-tubulin and Neurofilament-M (Gervasi and Szaro,
1997; Richter et al., 1988), in GRXash1- and GRXNgnr1-
injected caps by using RT-PCR-based assays of animal cap
RNA. N-tubulin and Neurofilament-M expression was de-
tected at 20 h after hormone addition in both GRXNgnr1-
and GRXash1-injected animal caps (Fig. 1B). N-tubulin
induction in response to both GRXash1 and GRXNgnr1
overexpression was strictly hormone-dependent as expres-
sion was not detected in animal caps cultured in the
absence of hormone (Fig. 1B). In these assays, muscle-
specific actin (MSA) was used as a control for mesoderm
contamination. In a subset of samples (9/13), Xash1 but not
XNgnr1 induced MSA expression in a hormone-dependent
manner (Figs. 1B; and see Fig. 3). However, early mesoder-
mal markers were not induced in either Xash1- or XNgnr1-
injected animal caps (Figs. 2 and 3; and data not shown).
These findings suggest that Xash1 regulates neuronal mark-
ers as well as a limited subset of muscle-specific markers
within ectodermal progenitors, a finding similar to previous
reports of muscle-specific transcription in response to
Mash1 and Xash3 overexpression (Ferreiro et al., 1994;
Johnson et al., 1992).
FIG. 2. Early target regulation in GRXash1-, GRXNgnr1-, GRXash3-,
and GRXath1-injected animal caps. PCR analysis with sequence-
specific primers was used to assay gene expression in animal caps
isolated from GRbHLH injected embryos and incubated either in the
presence (D) or absence () of Dex for 3 h. At this time, control
embryos had reached stage 11.5/12. Whole embryo (E) and uninjected
animal caps exposed to Dex for 3 h (C) were used as controls.
Expression of Brachyury (Bra) was used as a control for mesodermal
contamination, and EF1 served as an internal quantitation control.
FIG. 3. GRXash1 dose response. Gene expression was analyzed by RT-PCR at 3 (A) and 20 h (B) post-Dex addition in response to increasing
doses of GRXash1. Control animal caps exposed to Dex (C) and animal caps injected with 1 ng of GRXash1 and cultured in the absence of
Dex (no dex) were used as negative controls for these experiments. Whole embryos (E) were used as positive controls. Muscle specific actin
(MSA; A) and Brachyury (Bra; B) were used to control for mesoderm contamination, and EF1 was used as an internal quantitation control.
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Comparison of early target regulation in response to
GRXash1 and GRXNgnr1 overexpression. The GRXash1
and GRXNgnr1 constructs provide a means of temporally
controlling the activation of Xash1 and XNgnr1 function.
We next used these constructs to compare patterns of early
downstream target activation in response to Xash1 and
XNgnr1 overexpression. Previous studies on both isolated
animal caps and whole embryos have identified several
early target genes induced by XNgnr1 overexpression.
These targets include the bHLH-containing genes, XNeu-
roD and Xath3, as well as the HLH-containing gene Xcoe2
(Dubois et al., 1998; Ma et al., 1996; Perron et al., 1999;
Takebayashi et al., 1997).
Embryos were injected with either GRXash1 or
GRNgnr1, and animal caps were isolated. As in previous
experiments, hormone was added to a subset of caps at stage
10, and caps were harvested at 3 h post-hormone addition
(stage 11.5–12). N-tubulin and Neurofilament-M were not
expressed in either GRXNgnr1- or GRXash1-injected caps
at the 3-h time point, indicating that expression of late-
stage neuronal differentiation markers is a delayed response
to bHLH overexpression in the animal cap (Fig. 4). How-
ever, early targets of XNgnr1, including Xath3, XNeuroD,
and Xcoe2, were induced by GRXNgnr1 overexpression in
early animal caps (Fig. 2). In contrast, GRXash1 induced
only Xcoe2 expression to significant levels at this early
time point. In a subset of samples (6/16), low levels of
XNeuroD were induced by GRXash1, but this induction
was not reproducible and was always substantially lower
than that observed for induction of XNeuroD by GRXNgnr1
(Figs. 2–4; and data not shown). In these assays, early
mesodermal markers, including brachyury, mesogenin, and
ESR5 (Jen et al., 1999; Smith et al., 1991; Yoon et al., 2000),
were not induced by either Xash1 or XNgnr1, indicating
that neural target induction was a direct rather than indi-
rect effect of Xash1 and XNgnr1 overexpression (Figs. 2–4;
and data not shown).
Target regulation in response to increased doses of
GRXash1. Although relative expression levels varied,
GRXNgnr1 in general induced higher N-tubulin expression
than GRXash1 at an equivalent dose (Fig. 1B). This finding
suggested the possibility that the more restricted pattern of
early downstream target expression observed in response to
GRXash1 overexpression simply mirrored weaker GRX-
ash1 neuronal differentiation function. In order to test this
possibility, we next examined target regulation at increased
doses of GRXash1 (100 pg to 1 ng; Fig. 3). In late-stage
animal caps, increased doses of GRXash1 induced higher
FIG. 4. Time course of GRXash1 and GRXNgnr1 function. PCR analyses were used to analyze gene expression at successive time points
following activation of GRXash1 and GRXNgnr1 function by hormone addition. Control embryos had reached stage 11.5 (3 h), stage 12.5
(5 h), stage 19 (10 h), stage 22 (13 h), stage 24 (16 h), and stage 27 (20 h) at time of animal cap harvest. Injected animal caps incubated without
Dex () as well as uninjected animal caps incubated in the presence of Dex (C/D) were assayed at 3 and 20 h to serve as controls for these
experiments. Whole embryo (E) cDNA was also assayed. In these experiments, muscle specific actin (MSA) was used as a control for
mesoderm contamination, and EF1 was used for internal quantitation.
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levels of N-tubulin expression (Fig. 3A). These levels sur-
passed the level of N-tubulin expression induced by XNgnr1
at the standard dose (100 pg; Fig. 3A). In contrast, patterns of
early target regulation were not affected by increasing doses
of GRXash1 (Fig. 3B). Thus, the differential pattern of
Xash1-induced early target activation as compared with
XNgnr1 is not a result of lower levels of Xash1-induced
neurogenesis.
Comparison of additional achaete-scute and atonal ho-
mologs. Xash1 and XNgnr1 share approximately 40%
amino acid homology within their bHLH domains, signifi-
cantly less than the homology common to members of the
same proneural bHLH subclass (Ferreiro et al., 1993; Ma et
al., 1996). As a first step toward understanding the struc-
tural basis of differential target activation, we next com-
pared patterns of Xash1- and XNgnr1-induced gene expres-
sion with those induced by the related achaete-scute and
atonal homologs, Xash3 (approximately 90% identity with
Xash1) and Xath1 (approximately 60% identity with
XNgnr1), respectively. In these assays, GRXash3 and GRX-
ath1 both induced N-tubulin expression in late-stage ani-
mal cap progenitors, further demonstrating the common
ability of proneural bHLH transcription factors to induce
neuronal differentiation in competent progenitor popula-
tions (data not shown). These genes also induced XCoe2
expression in early animal cap progenitors (Fig. 2). How-
ever, only the atonal homolog, Xath1, induced early expres-
sion of Xath3 and XNeuroD (Fig. 2). These findings suggest
that patterns of downstream target activation are shared
between members of the same atonal and achaete-scute
subclass.
Time course of XNgnr1 and Xash1 function. XNgnr1
but not Xash1 is associated with domains of early neuro-
genesis in the embryo, suggesting differences in temporal
aspects of Xash1 and XNgnr1 function during development.
We therefore compared the time course of XNgnr1- and
Xash1-induced neuronal differentiation in animal cap pro-
genitors.
Animal caps injected with either GRXNgnr1 or GRXash1
were isolated and assayed at successive time points.
N-tubulin expression was first detectable at 10 h post-Dex
addition (stage 19) and was maintained at 20 h (stage 27), in
response to both GRXNgnr1 and GRXash1 (Fig. 4).
We next investigated the time course of early target
activation in response to GRXNgnr1 and GRXash1 overex-
pression. Expression of Xcoe2 was apparent at 3 h and
decreased at 10 h in response to both Xash1 and XNgnr1
overexpression (Fig. 4). In contrast, distinct expression
patterns were observed for XNeuroD and Xath3 in response
to both XNgnr1 and Xash1 overexpression (Fig. 4). Expres-
sion of both XNeuroD and Xath3 was induced at 3 h
post-hormone addition in XNgnr1-injected caps, but expres-
sion peaked at different points (Fig. 4). As previously noted,
Xash1 did not induce XNeuroD and Xath3 expression at 3 h
post-hormone addition (Figs. 2 and 4). However, Xath3
expression was induced by Xash1 at later time points (Fig.
4). In contrast to Xath3, significant levels of XNeuroD
expression were not detected at any time point in Xash1-
injected animal caps (Fig. 4).
The HLH domain mediates the differences between
Xash1 and XNgnr1 function. Previous characterizations
of the Drosophila proneural bHLH factors, scute and atonal,
defined the importance of the bHLH domain for neuronal
differentiation and indicated that the basic region specifies
the neuronal identity function of these two proteins (Chien
et al., 1996; Jarman et al., 1993; Jarman and Ahmed, 1998).
We have investigated the role of the bHLH domain in
mediating the differential effects of Xash1 and XNgnr1
overexpression on early downstream target induction. In
these assays, we first tested the effects of two Xash1:
XNgnr1 chimeras. In the chimera NBX, the XNgnr1 basic
domain (aa 82–93; Ma et al., 1996) replaces the correspond-
ing basic domain of Xash1 (aa 85–93; Ferreiro et al., 1993).
In the second chimera NHX, the XNgnr1 HLH domain (aa
94–138; Ma et al., 1996) replaces the corresponding Xash1
HLH domain (aa 94–136; Ferreiro et al., 1993). These
chimeric molecules are illustrated in Fig. 5A. Both chimeric
molecules were linked to glucocorticoid receptor ligand-
binding domain sequences to generate GRNBX and
GRNHX expression constructs.
Target regulation in response to GRNBX and GRNHX
overexpression was assayed within the context of the Xe-
nopus animal cap. In these assays, the GRNHX construct
had approximately 10–20% activity in the absence of added
hormone (data not shown). This finding suggested that the
GRNHX fusion protein was active at times preceding the
addition of Dex to the animal caps. Thus, patterns of
downstream target regulation might be affected by tempo-
ral rather than structural differences in fusion protein
function. In order to circumvent this problem, we altered
the Dex addition aspect of the animal cap assay for this
series of experiments. In these assays, Dex was added at the
time of animal cap harvest (late gastrula, stage 8–9) rather
than at stage 10, and animal caps were harvested when
control embryos reached stage 11.5. In this series of assays,
the same protocol was applied to GRXash1 and GRXNgnr1
control constructs.
Both GRNBX and GRNHX induced N-tubulin expression
in late animal cap samples (data not shown). At early time
points, GRNBX and GRNHX both induced expression of
XCoe2 as was observed for wild type GRXash1 and GRX-
Ngnr1 (Fig. 5B). However, induction of XNeuroD and Xath3
was specific to GRNHX- and GRXNgnr1-injected caps (Fig.
5B). Thus, the HLH domain and not the basic domain of
XNgnr1 defines the characteristic patterns of XNgnr1-
induced downstream target expression.
In order to further define the residues within the HLH
domain important for guiding downstream target activa-
tion, we next tested target regulation in response to
GRNH1X. In this construct, sequences encoding the 17
XNgnr1 N-terminal HLH domain amino acids replace cor-
responding Xash1 coding sequences (Fig. 5A). GRNH1X
overexpression in the animal cap drives N-tubulin expres-
sion in late animal cap samples (data not shown). In early
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animal caps, GRNH1X overexpression induces the expres-
sion of XCoe2, Xath3, and XneuroD (Fig. 5C). Thus, the
N-terminal residues of the XNgnr1 HLH domain are suffi-
cient to induce a XNgnr1-specific pattern of downstream
target regulation.
DISCUSSION
Neuronal differentiation is a multistep process that de-
pends on the coordinated action of numerous effectors,
including members of the proneural bHLH class of tran-
scription factors. Comparison of bHLH functions during
development suggests that these genes play both overlap-
ping and nonoverlapping roles in neuronal differentiation.
However, their early functions in activating downstream
target expression in neural progenitors have not been com-
pared. In the current study, we have used hormone-
inducible bHLH fusion proteins within the context of the
Xenopus overexpression system to compare early target
activation in response to two proneural bHLH genes, the
achaete-scute-related gene, Xash1, and the atonal-related
gene, XNgnr1(Ferreiro et al., 1993; Ma et al., 1996).
Time course of neuronal differentiation. At neural fold
stages of Xenopus development, XNgnr1 expression defines
early differentiating primary neuron populations, while
Xash1 is expressed in progenitors that differentiate at later
stages of development (Ma et al., 1996; Fig. 1). The contrast-
ing expression patterns of XNgnr1 and Xash1 suggest that
these genes differentially regulate temporal aspects of neu-
FIG. 5. The role of the HLH domain in patterns of downstream target activation. (A) Diagram of chimeric molecules generated from Xash1
and XNgnr1 protein coding sequences. In NHX, the HLH domain of XNgnr1 specifically replaces Xash1 HLH domain. In NBX, the basic
domain of XNgnr1 specifically replaces the Xash1 basic domain. In NH1X, sequences encoding the first 17 N-terminal amino acids of the
XNgnr1 HLH domain replace corresponding Xash1 sequences. In this diagram, lines between Xash1 and XNgnr1 sequences indicate amino
acid identity, while dashed lines indicate conservative substitutions. All chimeric molecules were subcloned in-frame with glucocorticoid
receptor ligand-binding domain sequences to yield GR fusion constructs (GRNBX, GRNHX, GRNH1X). (B, C) The chimeric constructs (B:
GRNBX, GRNHX; C: GRNH1X) as well as the wild type Xash1 and XNgnr1 genes were analyzed in animal cap assays as described in the
text (Results). Dex was added to animal cap samples at time of isolation (stage 8–9), animal caps were harvested at stage 11.5, and gene
expression was assayed by RT-PCR. Normal embryos (E) and uninjected animal caps (C) served as controls for these experiments.
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ronal differentiation in the early embryo. We have charac-
terized XNgnr1 and Xash1 function in overexpression as-
says and found that both genes induce ectopic neurogenesis
in the early embryo. In addition, the time course of
N-tubulin expression is similar in response to both XNgnr1
and Xash1 overexpression in the animal cap. These findings
suggest that the delayed differentiation associated with
Xash1 expression domains in the embryo is not due to a
limitation in Xash1 function but rather reflects the active
temporal negative regulation of Xash1 neuronal differentia-
tion function during normal development.
Comparison of early target activation in response to
Xash1 and XNgnr1. Previous studies have identified a
number of early downstream targets of XNgnr1 that share
its ability to induce ectopic neurogenesis when overex-
pressed in the embryo, including the bHLH-containing
genes, Xath3 and XNeuroD, and the HLH-containing gene,
Xcoe2 (Dubois et al., 1998; Lee et al., 1995; Takebayashi et
al., 1997). These genes are expressed in patterns that over-
lap XNgnr1 but not Xash1 expression in the early embryo.
However, at later stages, each is expressed in a distinct
pattern that partially overlaps regional domains of both
Xash1 and XNgnr1 expression (Dubois et al., 1998; Ferreiro
et al., 1993; Lee et al., 1995; Ma et al., 1996; Takebayashi et
al., 1997). Thus, these genes are potential downstream
targets of both Xash1 and XNgnr1 within specific subsets of
neural progenitors.
In accordance with previous studies, we find that Xath3,
XNeuroD, and Xcoe2 are all induced at early time points in
response to XNgnr1 overexpression in neural progenitors.
Moreover, the same targets are induced by the atonal-
related gene, Xath1, in animal cap assays even though
XNeuroD is not induced efficiently by Xath1 in the embryo
(Kim et al., 1997). In contrast, Xash1 and Xash3 induce only
a subset of XNgnr1 targets. Are these target patterns linked
to the efficiency of Xash- vs XNgnr1-induced neuronal
differentiation? Xash1 and Xash3, in general, activate lower
levels of N-tubulin and XCoe2 expression in animal cap
assays than does XNgnr1 at an equivalent dose. These
findings suggest that Xash genes are less efficient inducers
of neuronal differentiation in the animal cap. However, the
Xash-specific pattern of transcriptional activation appears
not to result specifically from lower levels of neuronal
differentiation because higher doses of Xash1 yield equiva-
lent XCoe2 and N-tubulin expression as compared to
XNgnr1, but fail to induce Xath3 and XNeuroD.
Our results indicate that only Xcoe2 is an early target of
Xash1 and Xash3 in animal cap overexpression assays.
What distinguishes Xcoe2 from other XNgnr1 targets?
Xcoe2 overexpression induces XNeuroD expression in frog
embryos in a unidirectional cascade, and dominant negative
Xcoe2 overexpression blocks neurogenesis prior to acquisi-
tion of XNeuroD (Dubois et al., 1998). These findings
indicate that Xcoe2 functions upstream of XNeuroD and
suggest that Xcoe2 may mark an earlier stage of the neuro-
nal differentiation process than XNeuroD. The specific
induction of Xcoe2 by Xash1 and Xash3 might represent a
difference in the ability of Xash genes to advance neuronal
differentiation at early time points. The late onset of Xath3
expression in response to Xash1 overexpression supports
the idea of a temporal lag in Xash1 function. However, this
difference appears to be transient, as both XNgnr1 and
Xash1 induce N-tubulin with a similar time course in the
animal cap.
Xash1 does not induce high levels of XNeuroD expression
at any time point tested. This finding suggests that, in
addition to potential temporal differences, Xash1 and
XNgnr1 also differ in their target selection functions. Stud-
ies of target response in XNgnr1-injected animal caps indi-
cate that XNeuroD is a direct target of XNgnr1 transcrip-
tional activation, while Xath3 is regulated by a different
mechanism (Perron et al., 1999). Consistent with these
previous studies, we note a different temporal profile of
XNeuroD and Xath3 expression in response to XNgnr1
overexpression in our assays, with XNeuroD expression
peaking prior to Xath3. The finding that Xash1 induces
expression of Xath3 but not XNeuroD further supports the
conclusion that Xath3 and XNeuroD are regulated by dif-
ferent mechanisms in neural progenitors.
Neuronal identity functions. Gain-of-function studies
indicate that Mash1 and Ngn, mammalian homologs of
Xash1 and XNgnr1, have both a common ability to induce
general aspects of neurogenesis as well as a unique ability to
induce neuronal identities within neural progenitor popu-
lations (Farah et al., 2000; Fode et al., 2000; Lo et al., 1998;
Perez et al., 1999). We note a common neuronal differen-
tiation function for XNgnr1 and Xash1 in our assays as both
genes induce neuronal differentiation within animal cap
progenitors. We have also tried to examine the neuronal
identity functions of these genes in animal cap assays.
Expression of Dlx1, Dlx2, and Glutamic Acid Decarboxyl-
ase is linked to Mash1 function in the murine forebrain
(Fode et al., 2000), but these genes are not early targets of
Xash1 in the animal cap (M.T. and K.Z., unpublished
results). Moreover, XNgnr1 overexpression did not induce
early expression of the sensory neuron-specific marker,
Xhox11L2, in the animal cap, even though XNgnr1 induces
Xhox11L2 in the embryo (Perron et al., 1999; and data not
shown). The continued isolation and characterization of
early markers specifically linked to regional domains of
XNgnr1 and Xash1 expression in the embryo is therefore
required to assess the neuronal identity functions of these
related genes in the animal cap system.
The role of the HLH domain. The differential down-
stream target activation that we observe at early time
points in response to Xash1 and XNgnr1 overexpression
provides a useful means of assaying the structure:function
correlates of differential bHLH activity. Previous studies
have highlighted the importance of the basic domain for the
unique identity functions of bHLH proteins (Chien et al.,
1996; Davis et al., 1990; Davis and Weintraub, 1992; Jarman
and Ahmed, 1998). In contrast, these same studies suggest
that the HLH domain plays an essential but more general
role in bHLH function. Thus, when the scute HLH is
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substituted for the MyoD HLH domain, the resulting pro-
tein retains its myogenic function (Davis et al., 1990). In
similar studies, atonal and scute HLH domain substitutions
do not alter the specific chordotonal- vs extrasensory
neuron-inducing properties of these proteins (Chien et al.,
1996). Our current studies indicate that the HLH domain
also plays a role in specific aspects of bHLH function. In our
assays, we have not examined cell-type identity. Instead,
we have compared the regulation of a subset of downstream
transcriptional targets. These targets are broadly expressed
in neural progenitors and may play more general roles in
neuronal differentiation. Thus, our findings complement
previous studies of cell identity and may indicate differing
roles for the basic region and the HLH domain in mediating
specific bHLH response.
Our current studies indicate that the N-terminal region
of the XNgnr1 HLH domain is sufficient to specify patterns
of downstream target regulation. Comparison of XNgnr1
and Xash1 protein coding sequences within this region
points to six nonconserved amino acid identities (Fig. 5A),
defining a starting point for further delineation of residues
important for guiding downstream target regulation. Stud-
ies of MyoD have defined a single amino acid within this
region (K124) that functions together with basic region
amino acids (A114; T115) in the myogenic conversion of the
class A bHLH protein, E12 (Davis et al., 1992). More
recently, leucine (L130) to lysine (K) substitution at this
position was shown sufficient to convert Mash1 to a myo-
genic differentiation factor (Dezan et al., 1999). In contrast,
substitution of the XNgnr1 encoded amino acid (N96) for
the corresponding Xash1 amino acid (L96) at this position is
not sufficient to alter patterns of Xash1- and XNgnr1-
specific downstream target activation (M.T. and K.Z., un-
published results).
Protein:protein interactions. Our studies indicate that
proneural HLH domain specificity plays a significant role in
guiding unique patterns of downstream target regulation in
neural progenitors. The HLH domain mediates protein:
protein interactions between bHLH factors and several
classes of regulatory molecules. These interactions have
been characterized with the general role of the HLH domain
in mind, but our current studies suggest that they should be
reexamined in terms of potentially specific interactions
with individual proneural bHLH proteins. The best-
characterized HLH-mediated interaction to date is with
class A bHLH proteins related to the vertebrate E2A and
Drosophila daughterless genes (Davis et al., 1990; Lassar et
al., 1991; Murre et al., 1989a,b). The widespread expression
of E2A as well as the fact that E2A proteins mediate bHLH
function in a number of lineages suggest that E2A het-
erodimer formation is a permissive rather than a specific
aspect of bHLH function. However, several vertebrate ho-
mologs of E2A-related genes have been identified, raising
the possibility that further investigation may uncover more
specific interactions (Henthorn et al., 1990; Hu et al., 1992;
Neuman et al., 1993; Shain et al., 1997; Shain and Zuber,
1995; Uittenbogaard and Chiaramello, 1999).
In addition to E2A interactions, a complex has been
characterized in erythroid progenitors that includes the
bHLH protein, Scl/Tal1, the LIM only protein, LMO2, the
Lim domain binding protein, Ldb1, and the GATA-1 tran-
scription factor (Wadman et al., 1994). Recent characteriza-
tions indicate that a similar complex forms in neural
progenitors. Chip is the fly homolog of Ldb1, and recent
studies indicate that chip binds the HLH domain of the
achaete-scute:daughterless complex (Ramain et al., 2000).
This interaction is essential for autoregulation of Achaete-
Scute expression within proneural domains (Ramain et al.,
2000). LMO2-related proteins are also associated with
neural-specific bHLH proteins. In the frog, LMO3 binds the
neural-specific bHLH protein, Hen1/Nscl, and potentiates
the neuronal differentiation function of Hen1/Nscl in Xe-
nopus overexpression assays (Bao et al., 2000). LMO3 also
binds the Xash3, XNeuroD, and XNgnr1 proteins, albeit
with decreased affinity relative to Hen1/Nscl (Bao et al.,
2000). These findings suggest that chip/Ldb1 and LMO3
may play important roles in potentiating the function of
numerous proneural bHLH-containing proteins. As with
class A bHLH proteins, additional vertebrate LMO (also
known as Rbtn and Ttg; Boehm et al., 1991; Hermanson et
al., 1999; Kenny et al., 1998; Mead et al., 2001; Royer-
Pokora et al., 1991) and Ldb homologs (Agulnick et al.,
1996; Bach et al., 1997; Toyama et al., 1998) have been
isolated, suggesting the possibility of more specific interac-
tions with individual bHLH proteins.
Conclusion. Previous structural studies have high-
lighted the importance of the basic region for guiding
specific aspects of bHLH function. Our current studies
indicate that the HLH domain also plays a role in shaping
distinct responses to individual proneural bHLH factors.
These findings suggest that protein:protein interactions
represent essential effectors not only of common aspects of
bHLH function but also of differential bHLH function in
the embryo. Thus, a more detailed characterization of the
specificity of interaction with both known and novel HLH-
interacting proteins may better define the role of individual
bHLH-containing proteins during development.
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